In order to link electrochemical performance degradation of the cathode in a large solid oxide fuel cell (SOFC) to the presence of pollutant species, a spatially-resolved study of contaminants was performed. Distribution maps of pollutants over the cell allowed identifying their sources. Besides chromium and silicon, sulfur was found as a major pollutant species. Its preferential reaction with strontium doped lanthanum cobaltite (LSC), forming strontium sulfate SrSO 4 , compared to strontium doped lanthanum manganite (LSM) is revealed here. When sulfur poisoning arises in combination with chromium, a sulfur-containing strontium chromate compound is formed.
Introduction
Understanding degradation mechanisms is a major issue in the development of solid oxide fuel cells (SOFCs). In particular, in repeat-element and stack configuration, an important coupling of different degradation processes exists, with internal sources at the stack level and exogenous sources coming from system components. A specific diagnostic test station was developed to allow locally-resolved measurements of electrochemical performance and degradation in a repeat-element. Large differences in local degradation behavior were observed, affecting different electrochemical processes. A complete description of the experiment and of the analysis of degradation is given by Z. Guillemin et al. in the same Proceedings (1) . This study points out the important difference between global and local distribution of pollutant species, and the resulting degradation rates in a repeat-element, showing the interest of a spatially-resolved experiment. Three major pollutants were identified and quantified on the cathode side: chromium, silicon and sulfur. While the effect of chromium (2-4) and silica (5-9) on the electrochemical behavior of SOFC cathodes is known, sulfur contamination of the cathode has received more attention just recently.
Yokokawa et al. identified sulfur as impurity after long-term operation of SOFC stacks in (10) , and pointed out the effect of contamination on the durability of SOFC stacks and modules in (11) . Sulfur poisoning was reported in various related technologies using manganite, cobaltite and ferrite perovskite materials. A major limitation for the wide use of perovskite catalysts for treatment of car engine exhaust gas is the low temperature stable sulfite and sulfate formation (12) (13) . Sulfur pollution from trace SO x in air and involving sulfate formation was reported by Xu et al., where perovskite-type ceramics were used for oxygen permeation membranes (14) . Just recently, Xiong et al.
reported a model study of accelerated sulfur poisoning, by exposing strontium doped samarium cobaltite (SSC) and strontium doped lanthanum manganite (LSM) cathode materials to SO 2 -concentrated air. Trace SO x in air is supposed to affect long-term operation of SOFCs (15) . This study reveals severe sulfur contamination in a SOFC system, involving a large cell in stack configuration with balance of plant (BOP) components. The reaction of sulfur with a strontium doped lanthanum cobaltite (LSC) current collection layer and an active strontium doped lanthanum manganite (LSM) -yttria stabilized zirconia (YSZ) composite cathode is given here.
Experimental

Locally-resolved Degradation Study
An anode-supported cell, with an active LSM-YSZ composite cathode and a LSC current collection layer, was tested over 1900 h around 1073 K. The evolution of electrochemical performance was measured in-situ on 18 locations distributed within a cell (1) . Electrochemical impedance spectroscopy (EIS) measurements revealed that principally the cathode was affected by degradation, as indicated by large differences at the characteristic frequency attributed to dissociative adsorption of O 2 (cf Figure 1) . The highest loss in electrochemical performance was attained in the vicinity of the gas inlets, while the outlet region experienced low degradation. The contribution of the cathode to the area specific resistance (ASR), identified by impedance spectroscopy, followed the same trend. 
Post-Experiment Analyses
Post experimental analyses of current collection layer surfaces exposed to airchannels and polished cross-sections were performed on a FEI XL30 scanning electron microscope with an Oxford Instruments INCASynergy 350 system for energy-dispersive x-ray (EDX) microanalysis, incorporating a state-of-the-art INCAx-cat silicon drift detector for rapid and accurate EDX mapping. Spatial distribution of heavier elements was confirmed by X-ray fluorescence on a Fischer X-ray XAn system with WinFam software. Phase identification by X-ray diffraction was done on a Bruker D8 X-ray diffractometer. Figure 2 shows the change on the LSC microstructure after exposure to sulfurcontaining air. Formation and growth of new crystals on the porous LSC surface leads to a denser surface layer. EDX analysis on several crystals indicated the formation of strontium sulfate SrSO 4 with a ratio of 23% strontium, 19% sulfur and 58% oxygen (all atomic %). This phase was confirmed by XRD analysis on segment 16 (cf Figure 3) , which showed severe sulfur pollution at the air outlet of the repeat-element. The XRD pattern shows the characteristic peaks for SrSO 4 reported by Xiong et al. (15) . Figure 4 . EDX mapping on a polished cathode cross-section reveals strontium sulfate (red spots) formation in the LSC layer, whereas LSM-YSZ composite cathode is free from sulfur poisoning. 
Results
Sulfur Poisoning in LSC
Sulfur in Combination with Chromium
Chromium was found in the vicinity of the air inlet, with rapidly decreasing amounts in the direction of the airflow. The structure of the chromium-rich compounds is changing along the airflow direction, from a densified structure to isolated particles as shown in Figure 5 . While the microstructure is changing, EDX analysis on several crystals of each structure show a stable ratio of 17% Sr, 13% Cr, 2% S and 68% O (all in atomic %), indicating a sulfur-containing strontium chromate compound, of approximate composition Sr(Cr 0.85 S 0.15 )O 4 . A XRD pattern from an air-inlet region with severe Cr-S pollution is given in Figure 6 . This pattern is compared to a Cr-poisoned region from a repeat-element tested under similar conditions, but without segmentation. In the latter, where no sulfur was observed by EDX, strontium chromate SrSO 4 ICDD: 35-0743 is identified. On the other hand, the resulting pattern from the Sr-Cr-S-O compound could not be indexed.
Discussion
Strontium Sulfate
Grains formed at the interface between LSC and air channels (cf Figure 2) are larger compared to observations done by Xiong et al. (15) . Coarsening from the latter, fine grained, structure observed after 8 h accelerated sulfur poisoning, is probable with longer test duration (here, 1900 h) at the same temperature (800°C). The cobalt-rich phase Co 3 O 4 was identified from the XRD pattern. Even if this phase was not well localized on EDX mappings, the following reaction for the formation of strontium sulfate is proposed: 6La 0.5 Sr 0.5 CoO 3 + 3SO 2 + 0.5O 2 = 3SrSO 4 + Co 3 O 4 + 3LaCoO 3 [1]
The perovskite lattice is probably maintained by the LaCoO 3 compound, which is not identified by XRD as LaCoO 3 peaks are hidden by LSC. It is thus difficult to estimate the performance degradation of a cathode with a sulfur-poisoned current collection layer; moreover, EIS results reported by Xiong et al. do not allow to identify the electrochemical mechanisms affected by sulfur poisoning.
Preferential Sulfur Poisoning in LSC
According to Yokokawa et al. (10) , the behavior of perovskite cathodes should be examined in terms of the reactivity of strontium oxide SrO since Sr is one of its major components. A higher activity of SrO in LSC compared to LSM is reported (17) (15) . Moreover, reactants of the basic SrO should be acidic. Acidic solids respectively gaseous species which can be found among others in this SOFC system are: SiO 2 , Cr 2 O 3 and SO 2 . SO 2 adsorption on a perovskite compound is reversible. The material is irreversibly poisoned by sulfur when adsorbed SO 2 forms sulfite and sulfate species (12) . Lower temperatures should lead to higher poisoning, as the adsorbate residence time is longer. Nevertheless, sulfur poisoning is not found to be enhanced in air-inlet regions where lower temperatures were found. Since the formation of strontium sulfate is an oxidative reaction, there is no reason for preferential sulfur poisoning at the triple phase boundaries 4 is present on the LSC surface and not at the LSM/YSZ interface. Figure 4 , showing sulfur poisoning in LSC, but a LSM-YSZ cathode free from contamination, agree with Ref. (15) where LSM was only slightly poisoned by SO 2 -concentrated air and restored when SO 2 feeding was interrupted. According to their thermodynamic considerations, LSM will not react with real SO 2 concentrations, corresponding to ppb in air. Moreover, sulfur-poisoned LSM can be restored by heating (12) , and the regeneration rate is increased by the addition of water vapor (18) . Better SO 2 resistance of perovskite is obtained when Co is replaced by an element with lower heat of decomposition of the formed sulfate species. According to Ostroff et al. (19) , strontium sulfate decomposes directly to the oxides at temperatures above 1647 K (others indicate (20) (21) (22) 1073, 1473 and 1873 K). Trivalent metal sulfates will decompose at lower temperatures than divalent metal sulfates. Moreover, the sulfate structure affects its stability: greater stability is given by lower electronegativity and larger crystal radius. The decomposition temperature is proportional to the square root of the radius-toelectronegativity ratio, which is almost double for Sr compared to Co, explaining the lower decomposition temperature of La/Co sulfates, which were not found in the sulfurpoisoned LSC.
Observations in
Sr-Cr-S-O Compound
The main reaction product of chromium in the LSC system is SrCrO 4 (10, 17, 23) , which transforms into SrCrO 3 when the oxygen partial pressure decreases (10) . Chromium oxide Cr 2 O 3 and spinel phases (Cr,Mn) 3 O 4 are frequently reported when Cr pollution occurs in SOFC systems (3, 24) . Finally, several other compound are found in the SrO-Cr 2 O 3 -LaO 3 and Sr-Cr-O system (25) (26) or LaCrO 3 -based perovskites (27) . None of these studies provides a diffraction pattern matching to the pattern of Sr-Cr-S-O compound found in this study. Lattice distortion, due to the incorporated sulfur, leading to a shift of XRD pattern, is possibly a reason for the impossibility to assign the peaks to any known phase. A shift of the XRD pattern in a Sr-Cr-S-O system was reported by Rendon-Angeles et al. (28) , where the conversion of celestite SrSO 4 crystals to SrCrO 4 was studied.
Spatial Distribution of the Pollutants
As shown above, chromium was found in the vicinity of the air inlet. The amount of silica followed the same trend, with increasing values close to seal gaskets. Sulfur was detected at the air-inlet, and also on different spots over the active area. A representation of spatial distribution of these species, normalized to the amount of LSC, is given in Figure 7 . A good match was found between the presence of pollutants and the level of local degradation. A detailed comparison between pollutant species and the electrochemical performance is given by Z. Wuillemin et al. in these Proceedings (1) . While the chromium poisoning was mostly generated by upstream system components, seal gaskets were identified as sources of silica, in addition possibly exogenous sources such as traces of silicon in the compressed air system. An insulating high temperature sealing paste used for assembly of the segments (galvanic insulation) was identified as major sulfur source, besides a commercial vulcanized polymer air feed tubing; moreover, 
Conclusions
This work is on a spatially-resolved degradation study on a repeat-element for its post-mortem analysis. Chromium, silicon and sulfur were found as major pollutant species on the cathode side. The spatial distribution of these species allowed the identification of pollution sources. The interaction of sulfur with cathode materials is presented here: i) sulfur is easily captured by the LSC current collection layer, involving strontium sulfate formation, and ii) the LSM-YSZ cathode is not affected by sulfur. The use of sulfur-containing insulating paste leads to accelerated sulfur contamination. Nevertheless, important conclusions can be derived from this study for the influence of sulfur in long-term operation of SOFCs. Finally, an unknown compound, sulfurcontaining strontium chromate, was identified on regions simultaneously poisoned with chromium and sulfur. The structure of this compound will be investigated in more detail.
